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Accurate measurement of optical radiation is required 
when sources of optical radiation are used in biological 
research. Such measurement of broad-band non coherent 
optical radiations usually must be performed by a highly 
trained specialist using sophisticated, complex and ex-
. . . ' penSIve Instruments. PresentatIOn of the results of such 
measurement requires correct use of quantities and units 
with which many biological researchers are unfamiliar. 
The measurement process, quantities, units, measure-
ment systems and instruments, and uncertainties asso-
ciated with optical radiation measurements are re-
viewed in this paper. A conventional technique for eval-
uating the potential hazards associated with broad-band 
sources of optical radiation and a spectroradiometer 
developed to measure spectral quantities is described. A 
new prototype ultraviolet radiation hazard monitor 
which has recently been developed is also presented. 
This new instrument utilizes a spectrograph and a spec-
tral weighting mechanical mask and provides a direct 
reading of the effective irradiance for wavelengths less 
than 315 nm. 
Accurate measurement of optical radiation is required for the 
description of radiation sources used in biological research. 
Measurement is also requi.red for the design of products for 
various applications such as in PUV A therapy for the treatment 
of psoriasis, photocopiers, and photopolymerization processes 
where the efficacy of the optical radiation is of paramount 
importance, and for evaluating potential hazards that may be 
associated with various products which emit optical radiation 
such as welding arcs and high-intensity discharge lamps. Un-
fortunately, accurate measurement of broad-band noncoherent 
optical radia'tion is not trivial. It is best performed by a highly 
tramed specialist and it requires the use of sophisticated, com-
plex, and expensive instrumentation. Measurement is further 
complicated by the fact that the optical radiation quantity to 
be determined depends upon the particular application. For 
example, the optical radiation quantity to be determined for 
accura te evaluation of the potential hazarDS to the retina of the 
eye is different from that required for evaluation of the potential 
ha~ards to the skin and cornea of the eye. In addition, presen-
tatIOn of the results of measurement processes requires correct 
use of quantities and units with which many biological research-
ers are unfamiliar. 
This paper will outline important considerations in optical 
radiation measurements and instrumentation . including direct 
reading instrumentation for hazard evaluation. Quantities, 
units, ' measurement systems and instrumentation, and uncer-
tainties associated with optical radiation measurements are 
discussed in the next section, while the general principles and 
direct reading instrumentation for hazard evaluation are dis-
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cussed in "Principles of Hazard Evaluation and Direct Reading 
Hazard Evaluation." 
QUANTITIES, UNITS, MEASUREMENT SYSTEMS 
AND INSTRUMENTATION 
The essential optical radiation radiometric quantities and 
units of interest for the applications referred to in the introduc-
tion are listed and defined in Table I. For almost 10 yr, work 
has progressed toward development of an approach to quanti-
ties and un.its that would be .applicable to all radiation [1-4]. 
Such a unified system reqUIres compromise, of course, and 
certain of the quantities in Table I could be presented differ-
ently [4]. Regardless of the exact natw'e of the quantities and 
units, it is critical that nomenclature such as that in Table I be 
used to express the results of optical radiation measurement. 
Another aspect of nomenclatw-e that war.rants brief comment 
is the naming of various regions of the spectrum. To different 
people the names can mean different things. For example, the 
separation of the visible from the ultraviolet portion of the 
electromagnetic spectrum is at 380 nm for some and at 400 nm 
for others; the lower limit of "UVA" may be at 315 nm or 320 
nm, depending on who is using that jal"gon term; and the 
separation between "uve" and "UVB" may be at 280 nm or 
290 nm, again depending on who uses the terms. Therefore, if 
names must be used, it is necessary to define their meaning 
[5]. As will be seen, the presentation of spectral radiometric 
data is a way to avoid any confusion on this issue. 
The quantities listed in Table I are measured with an instru-
ment called a radiometer. The major components ofthis instru-
ment include: input optics, a detector, signal processing com-
ponents (usually electronics), and the read-out, The input optics 
are used to define the field of view and wavelength response of 
the instrument. Included here are components such as trans-
mission fIlters, windows, lenses, mirrors, and the like. The 
optics, therefore, are components that the light passes through 
or reflects from before it reaches the detector. The detector can 
be a silicon or vacuum photodiode, a lead sulphide surface, a 
pyroelectric detector, a calorimeter, or a photomultiplier (PM) 
tube. 
In order to measw-e the spectral quantities, dispersive optics, 
such as a prism or diffraction grating monochl"omator or band 
pass fIlters are located before the detector in the system de-
scribed in the preceding paragraph. In this case, dispersive 
means to break up the light into its sepal"ate components as a 
function of wavelength. In addition, commonly used input op-
tics for a system to measure the spectral quantities include an 
integrating sphere or a reflective diffuser plate, or transmissive 
ground glass or fused silica plates. Such components provide 
the system with a well defined acceptance angle and/or a 
uniform field of view. Alignment of the optical system with 
respect to the sow-ce to be measw'ed is usually much less 
critical with a system that uses a diffuser as opposed to one 
which does not. . 
A functional block diagram of a spectroradiometer system 
used by the Bureau of Radiological Health to measure contin-
uous wave (c.w.) or nonpulsed sources is shown in F ig 1. Input 
optics for this system include selectable barium sulfate coated 
integrating spheres with diameters of 3.81 em (1.5 in.), 7.62 cm 
(3 in .), and 15.24 cm (6 in,) for the measw-ement of spectral 
irradiance or direct fie ld-of-view optics for the measurement of 
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TABLE I. Selected radiometric quantities, symbols, defining equations, and llnl:tS" 
















Watt per squaJ'e meter (W. m- 2) 
J ou Ie per squaJ'e meter (J . m - 2) 
Watt per steradian per square meter (W .Sr- I • m- 2) 
Joule per steradian per sq uare meter (J ·Sr- l .m- 2) 
" For a more complete listing of quantities and units, see reference 6. 
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b Quantities may be restricted to a narrow wavelength band by adding the word spectral and indicating the wavelength. The corresponding 
symbols are changed by adding the subscript A. 
that allows placement of various short wavelength "cut-otf" 
fllters directly in front of the monochromator. The double-
grating monocruomator utilizes 2 sets of gratings to cover the 
wavelength range from 200 nm truough 2500 nm. One set of 
gratings covers the wavelength range from 200 nm through 700 
nm, while the second set covers the wavelength range from 500 
nm to 2500 nm. The monocruomator utilizes a pl'ecision step-
ping motor system to vary the wavelength being measured and 
to absolutely determine the monochromator's wavelength set-
ting. A photomultiplier tube is used as a detector for measure-
ments over the wavelength range from 200 nm through 800 nm, 
while a lead sulfide detector is used for measurements in the 
infrared over the wavelength range from 800 nm through 2500 
nm. Further, both detectors are thermoelectrically cooled to 
-20°C to improve the signal to noise characteristics. The 
electronic signal from the detector, proportional to the light 
incident upon it, is amplified, converted to a digital signal, and 
values in microamperes are displayed on the system control 
console. The output is also simul taneously directed to a "MI-
DAS" electronic computer interface unit. The "MIDAS" unit 
acts as an intermediary and translates control signals (mes-
sages) from the system minicomputer (a NOV A 3D) to the 
spectroradiometer and converts data from the spectroradiome-
tel' into a computer acceptable format. Programming in the 
minicomputer controls overall system functions, as well as 
analysis of the data. 
The sensitivities for various wavelengths for this spectrora-
diometer system are listed in Table II. The dynamic range for 
this system is 6 decades, and the monochromator can be oper-
ated with various selectable band-widths ranging from 1 nm to 
20 nm. Another similar but field portable spectroradiometer 
system which u tilizes a microprocessor and desk top calculator 
for data reduction and processing is described elsehwere [7]. 
For accurate characterization of a source, it is sometimes 
necessary to measure the temporal characteristics of the optical 
radiation emitted. The major components of a system to deter-
mine the temporal characteristics of pulsed or repetitively 
pulsed sources of optical radiation again include input optics 
and a detector such as a photodiode or PM tube, with the 
addition of an oscilloscope. Care must be taken in the choice of 
the detector for this system to assure that its temporal response 
is much shorter than any temporal characteristic of the radia-
tion to be characterized. 
Instruments for the measurement of power, energy, irradi-
ance,. or radiant exposw'e are usually calibrated against electri-
cally calibrated standard calorimeters [8] (e.g., calorimeters 
which have a response that does not vru'y as a function of 
wavelength over a broad wavelength range). Spectroradiome-
tel'S for the measurement of the spectral quantities are usually 
calibrated with the use of spectral standard lamps [9]. Available 
standard lamps which ru'e usually used for this purpose are 
listed in Table III. Since these standard lamps al'e calibrated at 
specific wavelengths over the wavelength range indicated, an 
i 
OPTRONIC LABORATORIES MODEL 
747 LABORATORY SCANNING 
SPECTRORADIOMETER SYSTEM 
INPUT OPTICS DETECTOR Signal Pholomulliplier Inlgraling sphere 
..... 
Double Graling f-+ tube r. conditioners, or monochromator Interface, and 
Direct optics or computer PbS detec tor 
FIG 1. Block diagram of Bureau of Radio logical Health spectrora-
diometer. 
TABLE II. BRH spectroradiom.eter system sensitivity with a 10 to J 








(W.m- ' . nm- I ) 
interpolation procedure must be used to obtain values at inter-
mediate wavelengths [10]. NOl'mally, the standru'd lamps ru-e 
used to calibrate the instrumentation at the wavelengths of 
intel'est. The calibl'ation factors obtained al'e used to determine 
the values for the unknown source to be measured . 
The uncel'tainties associated with a calibration standru-d ar e 
one source of uncertainty in the measurement process. Other 
sources of error in the measurement process include: stray light, 
"out-of-band leakage" temperatw'e dependence and nonlineri-
ties associated with the detector, electronics and readout, elec-
tromagnetic interference, and the operator. For those who wish 
to understand this more clearly, sources of error and uncertain-
ties in the measurement process ru'e discussed more fully else-
where [8,11]' 
In order to determine the total uncertainty in the measure-
ment process, the uncertainty associated with each SOUl'ce of 
error must be determined. A typical error budget for one 
spectroradiometer system for the meaSUl'ement of spectral ir-
radiance is listed in Table IV. T ypical uncertainties which 
might be determined for typical sources or error in the process 
for the measurement of spectral irradiance fOl- Quru·tz Halogen 
type lamps are listed in Table IV. In this example, the total 
uncertainty in the measurement process is conservatively esti-
mated to be the linear sum of the uncertainties associated with 
each of the soW'ces of enol' listed. It should be noted that the 
total measurement uncertainty thus obtained will vru'y with 
lamp type. 
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TABLE Ill. Wavelength ranges and uncertainties associated with selected national spectral standard lamps 
Standard 










For instance, in the previous example, the total measw'em ent 
uncertainty for Quartz Halogen type la mps is estimated to be 
less than 12.7%. Wi th this same system, the total uncertainty 
associated with the measuTement of spectral irradiance for 
fluorescent type lamps is estimated to be less than 26%. Thus, 
the lamp to be measured by itself can be a significant source of 
uncertainty in the total measurement uncertain ty. 
RadiometeTs and spectroradiometers similar to the one de-
scribed in this paper are available from several vendors. 
PRINCIPLES OF HAZARD EVALUATION AND 
DIRECT READIN G HAZARD EVALUATION 
INSTRUMENTATION 
For accurate hazard evaluation, the quantit ies to be deter-
mined depend upon the particular biological effect of concern 
and the characteristics of the source. For example, spectral 
radiance or integrated spectral radiance data are requ ired for 
accurate retinal hazard evaluatio n, since t hese quantities can 
be diTectly related to the retinal hazard that results when the 
lens of the eye focuses energy onto a spot on the retina. S pectral 
irradiance or spectral radiant exposure data are required for 
accurate evaluation of the hazards to the' skin a nd cornea of the 
eye. In general, it is necessary to meaSUTe spectral quantities 
because biological eft'ects are invariably wavelength dependent. 
The wavelength dependence of a specific hazard is expressed 
by the "action spectrum" which describes the . biological effi-
ciency of rad iation as a function of wavelength, relative to the 
most efficient wavelength, for producing the effect. 
Based on bioeffects research, the American Conference of 
Governmental Industrial Hygienists (ACGIH) have developed 
threshold limit values (TL V's) for occupational expOSUTe to 
broad band sources for the ul traviolet (UV) , visible, and in -
frared wavelength ranges [12]. These can be used to avoid the 
potential acute hazards to persons with average sensitivi ty 
which may be associated with various broad band SOUTces of 
optical radiation. The "action spectrum?' represented by the 
ACGIH TLV's (normalized to the TLV at 270 nm) for occupa-
tional exposure to UV for wavelengths less tha n 315 nm is 
plotted as th e ACGIH Effectiveness Function in Fig 2. We must 
emphasize that the ACGIH TLV's should be used as guides in 
the control of expOSU1'e a nd should not be regarded as a fine 
line between safe and dangerous levels . 
The general principles for evaluating potential acute hazards 
which may be associa.ted with broad band sources can most 
easily be seen by considering the ACGIH procedure for evalu-
ating the potential UV radiation hazards. In this case, the 
parameter to be determined, is the so-called "effective irradi-
ance" given by t he expression: 
E cff. = ~ EA· SA·!:;.A 
A, 
T hus, the effective irradiance is determined by first multiplying 
the spectral irradian,ce values (EA) by the corresponding "bio-
logical" weighting factors (SA) in accorda nce with t he 'action 
spectrum and th e bandwidth (!:;.A) and then summing over the 
appropriate wavelength range. The effective irradi ance so de-
termined can then be compared directly to the TL V effective 
Wavelength range 
(NBS standa rds) 
225 nm to 2400 nm 
250 nm to 1600 nm 






555 nm to 
1100 nm- 1.2% 
6% 
TABLE IV. Typical error budget and estimated total uncertainty in 
the measurement of spectral irradiance (or quartz-halogen type 
lamps 
Source of E rror 
Nonlineru'ity of response 
Polarization of radiation 
System instabili ty 
Lamp instabili ty 
Distance measurement 
"Out-of-band" leakage 
Wavelength scale inaccuracies 
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FIG 2. Block diagram of prototype UV radiation hazru'd moni tor. 
inadiance or for a specific period of time, it can be converted to 
a n "effective radiant exposure" and compared directly to the 
TLV. Finally, the time t hat it wou ld take to exceed the ACGIH 
TL V for a n 8-hJ' exposure period at a specified distance can 
easily be determined by dividing t he "effective radiant expo-
sure" TL V by the effective irradiance. 
The procedure for the evaluat ion of other hazaJ'ds are qui te 
similar [12,13]. They all involve the weighting and summing of 
t he spectral quantities and subsequent comparison to a limit 
which incorporates the relative biological risk as a function of 
wavelength . It can readily be appreciated that the conventional 
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technique described a bove for performing accurate opt ical ra -
diation risk assessments is complex, tedious, t ime-consuming, 
and is subject to error because of the mathematical manipula-
t ions involved-not only that, but the instruments are expen-
sive a nd complex. For these reasons, there has been consider -
able effor t devoted to th e developmen t of relatively inexpensive 
« $5,000) , easy to opera te, a nd portable special ized instruments 
to perform most of th e detection , data processing, a nd decision 
m aking requirements automa tically. Such di.rect reading opt ical 
r adia tion hazard evaluation instruments can greatly si.mplify 
th e hazard evaluation process when a known acute hazard is 
being cons idered. While some direct reading broad -band ul t ra-
violet ra diation hazard instruments which have been developed 
a nd ar e commercially available, no similar dU'ect r eading retinal 
hazard evaluation instrumen t has yet been developed . The 
principle of operation of t he di.rect reading ultraviolet radiation 
hazard instruments which have been developed is to weigh t the 
incident ra diation according to the desired action spectrum 
(e.g., th e ACGIH TLV's for radiation at wavelengths less than 
315 nm, which is generally accepted as one method to estimate 
t h e risks for acute hazard for that wavelength range) and to 
display the weighted value. This seems stra igh tforward in prin-
ciple. In practice, h owever, it has been most d iffic ult to develop 
such a direct r eading ultraviolet radia tion hazard monitor or 
instrument . The desira ble features for such an instrument a re 
listed in T a ble V. 
Commer cially available ul traviolet radiation hazard instru-
m en ts which have been developed, and which cost less than 
$5,000, u t ilize either interference filters, glass fil ters or fluOl'es-
cent materials (e.g., CaW04 ) to accomplish the weigh t ing a nd 
to obta in the desired spectral response [13]. The primary un-
d esira ble feature of thse instruments is that they ar e not eiis ily 
modified to accommoda te new weigh ting functions a nd they 
can only be used for the specific weighting function for which 
t h ey were designed. A new prototype UV hazard moni tor has 
recently been developed which should ultimately have all of 
t he desirable a t t ribu tes listed in T a ble V. In its present proto-
type state, however, it is r elatively expensive (approximately 
$10,000) and its sensitivity is somewhat limited. 
A block diagram of this new UV hazard monitor is sh own in 
Fig 3. The major components which distinguish this instrument 
from previous instruments include a spectrograph (dispersive 
optics) with a mecha nical mask in th e exi t pla ne of t he spectro-
graph. In this instrument, the vertical heigh t of the mecha nical 
mask is sha ped to provide the desu'ed spectral response. The 
t ransfer function (transmittance or reflectance) of each com-
ponent in the opt ical tra in con tributes to the overall spectral 
r esponse and serves as a constra int on the design of the me-
ch anica l mask. Part of the weight ing of the spectral response is 
accomplished by th e judicious selection of t he components in 
t h e optical t rain. The mechanical mask is then used to provide 
t he final desired spectral response. The mechanical mask func-
tion so derived for a prototype instrumen t developed is shown 
in Fig 4. The central ar ea between the symmetrical solid and 
d ashed curves is the t ransparent par t of the m echanical mask. 
The spectral response of the instrument wit h the mask for one 
of the prototype instruments developed is shown in Fig 2. The 
fit to th e ACGIH curve is not a perfect one. However , t h.rough 
an iterative mask fabrication process, it should be possible to 
obta in a much better fi t. The sensitivity for this prototype 
instrument is 10- 7 W /cm 2 (effective irradia nce) and 1 x 10- 7 J/ 
TABLE V. Gen era l desirable featu.res of UV h azard m on itors 
- Provide accurate and acceptable 'hazard assessment 
-Easy to operate and recalibrate 
-Portable (lightweight, less than 5 lb) 
-Relatively inexpensive (less than $5,000) 
- Easily modified to accomodate new weighting functions 
-Usable for both pulsed and c.w. sOlll"ces 
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FIG 4. Spectral response ' (instru ment response function) of proto-
type UV radiation hazal'd moni tor and the American Conference of 
Governmental Industrial Hygienists effectiveness fun ction .. 
cm 2 for a I -second exposure period (effective radiant expos~re) 
with a n uncer tainty of less than 30%. T his prototype instrument 
is described in detail elsewhere [14]. Further development and 
refmem ent of this instrument sh ould resul t in a relatively low 
cost «$5,000) production m odel instrument which can be used 
for reliable hazard assessment and wh.ich can be used with 
differ ent masks to accommodate other biological weigh t ing 
functions. T he development of other dU'ect reading instruments 
employing dispersive opt ics a nd masks which could be used for 
r elia ble evaluation of the poten tial hazards to the retina of the 
eye, a nd in oth er biological research applications sh ould be 
explored. 
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